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corrosion by marine biofouling. The biomimetic antifouling technology has been recognized as the most
promising solution to marine biofouling, while there is still a long way to go to take this technology
outside of research laboratories. In order to develop practical biomimetic antifouling techniques, this work
presents a new water jet-based biomimetic antifouling model for marine structures to prevent the
enrichment of biofouling. First, a semi-empirical formula is proposed based on the Schlichting self-similar
solution to determine the effective width of the water jet. Then, a numerical simulation model is
established to investigate the effects of the jet parameters (such as the jet aperture, jet velocity, and jet
hole spacing) on the water jet distribution. Subsequently, visualization experiments are carried out to
compare and validate the numerical simulation results. Finally, the simulation data are used to train a
genetic neural network to predict the effective jet coverage ratio. The optimal parameters of the
antifouling model are obtained corresponding to the largest effective jet coverage ratio. The findings of
this study deliver a practical biomimetic antifouling technique for marine structures.
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ABSTRACT

Marine structures, such as ship hulls and offshore platforms, are basic elements in marine engineering. Due to the harsh ocean environment,
marine structures are prone to adhesion and corrosion by marine biofouling. The biomimetic antifouling technology has been recognized
as the most promising solution to marine biofouling, while there is still a long way to go to take this technology outside of research laboratories. In order to develop practical biomimetic antifouling techniques, this work presents a new water jet-based biomimetic antifouling
model for marine structures to prevent the enrichment of biofouling. First, a semi-empirical formula is proposed based on the Schlichting
self-similar solution to determine the effective width of the water jet. Then, a numerical simulation model is established to investigate the
effects of the jet parameters (such as the jet aperture, jet velocity, and jet hole spacing) on the water jet distribution. Subsequently, visualization experiments are carried out to compare and validate the numerical simulation results. Finally, the simulation data are used to train
a genetic neural network to predict the effective jet coverage ratio. The optimal parameters of the antifouling model are obtained corresponding to the largest effective jet coverage ratio. The findings of this study deliver a practical biomimetic antifouling technique for marine
structures.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0020098., s

I. INTRODUCTION
Various marine organisms, such as marine animals, plants,
and microorganisms, are likely to attach to the surface of marine
structures in the ocean environment.1–3 The marine biological
enrichment is called marine biofouling, which increases navigational
resistance and fuel consumption and also causes marine structure
damage and life loss.4–6
Nowadays, a great number of antifouling techniques have been
proposed to resolve the issue of marine biofouling, and it can be
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categorized into physical antifouling and chemical antifouling methods. The chemical antifouling mainly employs antifouling coating
techniques and electrochemical techniques. The first one paints a
coating layer on the marine structure surfaces, for example, the
organotin antifouling coating, which can release biocides to destroy
the organisms and decrease the fouling behavior. The second one
usually electrolyzes the copper at an anode to release cupric ions,
which inhibits bacterial adhesion. However, these chemicals exert
toxic effects on non-target organisms and pollute the marine environment, and they also pose a potential threat to human health
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for long-time utilization. Consequently, the antifouling coating and
electrochemical techniques have been seriously restricted by the
International Maritime Organization (IMO) in the late 1980s.7
In contrast, the physical antifouling is very environment
friendly but inefficient to eliminate the marine biofouling. For
example, an autonomous underwater vehicle (AUV) is often utilized to remove the ship biofouling organisms; however, the cleaning procedure is time-consuming and the ship hull surface is vulnerable to damage by the AUV. An alternative method is the
ultrasonic technique.2 The acoustic wave generated by the ultrasonic device is able to effectively prevent bacterial adhesion, and
the larvae and spores on the structure surfaces can be destroyed
to inhibit biofilm formation.8 It should emphasize that the ultrasonic wave endangers non-target halobios; for example, dolphin’s
sonar system would lose the navigation and positioning function due to ultrasonic interference.9 As a result, the development
of efficiently and environment-friendly compatible alternatives is
crucial.
Recently, Liu et al.10 proposed a novel biomimetic antifouling method based on the water jet. This method is inspired by
the antifouling mechanism of mucus secreted by kelp epidermis
and the outward water jet from shark gills, which form a stable and dynamic antifouling layer on its surface to prevent fouling organisms. Similarly, a water jet layer was established as such
a kind of dynamic antifouling layer to prevent the attachment of
marine organisms.10 In our previous work, we conducted numerical simulation as well as the experimental test to evaluate the
performance of the proposed antifouling method. The analysis
result demonstrated that the water jet-based antifouling does not
produce any toxic substances to pollute the marine environment.
However, this research did not investigate the optimization of the
water jet-based antifouling model, which may hinder its industrial
applications.
Abundant theoretical modeling and analysis on different fluidjet problems has been conducted in the past decades.11 It provides
the foundation for studying the relationship between the jet parameters and the jet distribution. For example, Deguchi et al.12 summarized the Schlichting theory to study the velocity distribution of a
plane laminar jet and a circular laminar jet. The theoretical foundation has been established in this work for two-dimensional (2D)
laminar jets. However, the Schlichting solution has some drawbacks
in terms of the calculation accuracy. The jet field characteristics cannot be precisely described due to that it is a semi-empirical formula.
Jermyn et al.13 utilized the mixing length theory to analyze a free turbulent flow and produced the theoretical foundation for 2D turbulent jets. However, according to Prandtl’s extensive experimentation,
it was found that the viscosity vortex coefficient was not consistent with the experimental results at the point of maximum velocity.
Hence, the mixing length theory cannot be used at this point. Furthermore, Hong et al.14 investigated the influence of the geometric
parameters of a jet actuator on the jet distribution. The theoretical
analysis results showed that the maximum jet velocity is proportional to the pore aperture when the actuation amplitude is a constant. For a consistent jet water volume, there is an optimal jet pore
aperture where the maximum jet velocity can be achieved. However,
the contradictory results pertain to the impact of the aspect ratio of
the rectangular jets on the velocity decay rate in the past decades,
and the nonlinear control equation of the jet problem makes it
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difficult to obtain an accurate analytical solution by theoretical
analysis.
Fortunately, a numerical technique can remedy the shortcoming of theoretical analysis, and a numerical solution can be calculated to meet the engineering needs. Meanwhile, with the advent of
computer science and the development of efficient computational
prowess, it is feasible to analyze the distribution of the water jet in
a flow field by the numerical simulation technology. Guha et al.15
simulated the jet diffusion, pressure attenuation, and pressure distribution in a flow field and identified that the simulation results were
consistent with the experimental results. The numerical simulation
can effectively analyze the jet distribution in the flow field. Wang
et al.16 numerically calculated the dynamics of impacting rocks by
the particle water jet. The result showed that the numerical simulation method can effectively analyze the rock breaking process under
the particle water jet. Lee and Goldstein17 researched the influence of
the fluid properties and the jet geometric parameters on the jet distribution in a flow field by numerical simulation. Compared with the
experimental data, the numerical simulation can precisely describe
the jet characteristics. Junkar et al.18 assessed the impact of the angle
and velocity of jet abrasive particles on the processing of stainless
steel. The finite element simulation data agreed well with the experimental results. All in all, the existing excellent research findings have
proven that numerical simulation is an effective tool to analyze water
jet characteristics by solving the fluid dynamics computation problems in complex situations. However, to our best knowledge, very
little work has been found to address antifouling using the water
jet-based technology. Liu et al.10 pioneered the research on water
jet-based biomimetic antifouling and found that the jet flow can
form a dynamic antifouling layer to restrain marine biofouling, but
optimizing the model parameters of the new biomimetic antifouling
remains a challenge.
In order to address the aforementioned issue, the present work
aims to optimize parameters of a new water jet-based biomimetic
antifouling model. Numerical simulations were carried out to analyze the jet distribution of the model, and the experimental tests were
performed to validate the simulation results. A comparison between
simulations and experiments confirmed the designed water jet-based
biomimetic antifouling model. Hence, the simulation data were used
to predict the effective jet coverage ratio by a genetic neural network
(GNN) in order to optimize the model parameters. The optimization
result proved the feasibility of the proposed method.
The implementation of this work is organized as follows. In
Sec. II, the semi-empirical formula of the jet effective width is
deduced. The impact of the jet aperture and the jet velocity on the jet
effective width is discussed. In Sec. III, the effect of the jet aperture,
the jet hole spacing, and the jet velocity on the effective jet coverage
rate is analyzed by numerical simulation. In Sec. IV, the jet visualization experiment is conducted to compare the simulation results.
Section V predicts the effective jet coverage ratio using the GNN to
determine the optimal jet antifouling model. Section VI summarizes
the main conclusions.

II. THEORETICAL ANALYSIS
Figure 1 shows an overview of the proposed research in this
study, which consists of three parts: the first one is the theoretical
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FIG. 1. Overview of the proposed research.

modeling, the second one is the numerical simulation, and the third
is the experimental validation.
In the theoretical modeling, the minimum effective jet velocity is first analyzed, and the effective width semi-empirical formula
is then established. Hence, a biomimetic antifouling model with a
water jet is developed in this part.
Then, numerical simulation is carried out to investigate the
effect of different jet parameters on the performance of the antifouling model. Based on the investigation results, the optimal jet parameters are determined in this part.
Finally, in the experimental validation, the jet visualization is
compared with the simulation results.
A. Calculation of minimum effective jet velocity
In the ocean environment, there are a lot of marine organisms
(such as diatom, barnacle, and oyster), which will cause marine biological enrichment. In this paper, diatom is selected as antifouling
objects because it can adhere to the marine structure surface at the
very beginning of fouling formation. The diatom was assumed as a
cylinder with an outer diameter De = 4 μm and a length L = 15 μm.
The cytoplasm density of the diatoms was ρprotoplasma = 1.046
× 103 kg/m3 –1.076 × 103 kg/m3 . The thickness of the silicon wall was
t = 100 nm and its density ρs was the same as the silica (ρsilica = 2.2
× 103 kg/m3 ). The acceleration of gravity g = 9.8 g/cm2 . So the volumes of the diatom cytoplasm and silica walls were calculated as
follows:
1
Vprotoplasma = πDe 2 gL = 1.885 × 10−16 m3 ,
(1)
4
1
1
Vsilica = πDe 2 gL − πDn 2 g(L − 2t) = 2.065 × 10−17 m3 ,
4
4
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(2)

where V silica and V protoplasma are the volumes of the silica and cytoplasm. There are mainly three kinds of forces, including the gravity,
the buoyancy, and the short-range forces in still water. The diatom
gravity and buoyancy can be calculated as
Fbuoyancy = ρsw (Vprotoplasma + Vsilica )g = 2.100 912 × 10−12 N,

(3)

G = ρprotoplasma Vprotoplasma g + ρsilica Vsilica g = 2.403 × 10−12 N,

(4)

where G is the gravity of the diatom, and F buoyancy is the diatom buoyancy. The diatom density can be controlled by the bubbles using the
photosynthesis, which could be less than or equal to the density of
the sea water. So the diatom can float or suspend in the water.19
Therefore, the present study assumes the sum of diatoms’ gravity
and buoyancy as 2 × 10−12 N, and the force direction is vertical and
upward,
Fsum = Fbuoyancy + G ≈ 2 × 10−12 N.

(5)

The minimum effective jet velocity can be calculated according to the relationship between the jet velocity and the pressure as
follows:
¿
Á F sum + F XDLVO
mlc
À
umin =Á
,
(6)
ρA
XDLVO
is the
where ρ is the jet density, A is jet pressure area, and Fmlc
XDLVO
can be neglected
short-range force on the diatom. Generally, Fmlc
because the buoyancy is much higher than the short-range force.20
Then, the critical jet velocity was obtained as 3.6 × 10−3 m/s. In practice, the effective jet velocity could choose 5 × 10−3 m/s to overcome
the buoyancy and the short-range forces in still water.
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B. Effective width semi-empirical formula

III. NUMERICAL SIMULATION ANALYSIS

Semi-empirical theory and similarity hypothesis have been
widely applied to different jet flow problems in the past decades.
Experimental tests are then used to verify the correctness of the
simulation models. One typical theory is the Schlichting self-similar
solution. The stress distribution of the circular turbulent jet is
deduced through the Schlichting solution based on the assumption
of similar velocity distribution on the cross section. Furthermore,
combining the Schlichting self-similar solution with the flow function,21,22 the velocity distribution, which is perpendicular to the jet
hole surface, can be expressed as

The impact law of the jet aperture and the jet velocity on the
effective jet width is preliminarily understood in the semi-empirical
formula. In this section, numerical simulations are carried out to
quantitatively estimate the relationship between the jet parameters
and the effective jet width. The jet distribution is analyzed by the
effective jet coverage ratio at the cross section in the flow field. The
image processing software Adobe photoshop is utilized to count the
total pixel number of the cross section (N all ) and the pixel number of
the effective jet area (N effect ). The effective jet coverage ratio (ηeffect )
can be calculated as follows:
Neffect
× 100%.
(10)
ηeffect =
Nall
One can note that the larger the jet effective width, the better
the effective jet coverage ratio.

u=

3 J
1
,
8π vt xρ (1 + 1 η2 )2

(7)

4

√
3J r
, vt is the vortex viscosity coefficient, r denotes
where η =
16πρ vt x
the coordinates perpendicular to the jet direction, x denotes the
coordinates along the jet direction, and J denotes the momentum
flux of the jet. Since the momentum flux of each section of the jet is
equal to the momentum flux of the outlet section, it yields
∞

J = ∫ ρu2 2πrdr = ρu20 πr0 ,

(8)

0

where μ0 and r0 denote the velocity and the radius of the jet exit,
respectively. In order to analyze the impact of the jet parameters
on the antifouling performance, a semi-empirical formula for the
effective jet width is derived based on the Schlichting self-similar
solution. Combining Eq. (7) with Eq. (8), one can get the relationship
between r and x as follows:
¿
√
Á1
6u0 r0 3
Á
À
r=
( √
x 2 − 4x2 ),
(9)
σ2
uvt
where σ is an empirical constant, vt is the kinematic viscosity of the
fluid, and u is the velocity of the jet at a point in the flow field.
As can be seen in Eq. (9), the semi-empirical formula not only
can minimizes the effective jet width using the minimum effective
jet velocity9 but also can reflect the effect of the jet velocity and the
jet aperture on the effective jet width. According to Eq. (9), the effective jet width increases with the increase of the jet velocity/jet aperture. This impact law provides theoretical support to the subsequent
numerical simulation and experimental analyses.

A. Finite element model
In a real physical system, the control of the jet problem is generally expressed in nonlinear equations. The complicated geometry
and boundary conditions of the computational domains make it
difficult to obtain an accurate analytical solution by the theoretical
analysis. A numerical solution can be calculated to remedy the shortcoming of the theoretical analysis using the finite element analysis
(FEA) and computational fluid dynamics (CFD) techniques.23–25 In
addition, the water jet-based biomimetic antifouling model with different jet velocities, jet apertures, and jet hole spacings can be conveniently established to conduct the numerical simulations.26 It is
time-saving and economic, and is not limited by physical and experimental models.27 It can easily simulate ideal conditions (such as
special jet dimension and extreme jet velocity) that can hardly be
achieved in the laboratory to avoid causing damage to experimental facility and threatening life safety. Hence, the FEA and CFD
are adopted to establish and analyze the new water jet antifouling
model.
The simulation model consists of thousands of basic units.
Figure 2 shows one basic unit, where a bidirectional and symmetrical arrangement of four jet holes are employed for the antifouling
model. This is because a single- or double-hole model cannot fully
consider all interaction directions of the jets. The size of the main
flow field of the model is 10 × 10 × 5 mm3 and the length of the
jet hole is 3 mm. Numerical simulations were performed by ANSYS

FIG. 2. Meshing result of the four-hole jet antifouling model.
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TABLE I. Parameters of the four-hole jet model.

Jet aperture (mm)

Jet hole spacing (mm)

Jet velocity (m/s)

0.75
1.5
2.25
3
3.75
4.5
5.25
6

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7

scitation.org/journal/phf

for the jet aperture, jet hole spacing, and jet velocity. The values of
these model parameters are listed in Table I.
Previous research10 found that the fluid flow in the jet pore is
approximately in the laminar state and the fluid in the flow field is
in the turbulent state. Because the renormalization group k-epsilon
(RNG k-ε) model28,29 is able to provide an effective viscosity differential formula to deal with low Reynolds fluids, the viscous model
chose the RNG k-ε model in this study. Considering the gravity, the
jet can be analyzed and observed by steady state analysis. In order to
quantitatively inspect the antifouling effect of the simulation model,
the jet effective coverage ratio is adopted as the evaluation index.10
Generally, an antifouling model can be regarded effective if the jet
effective coverage ratio reaches 95% or more.
B. Simulation results

Fluent 15.0. The meshing of the model was processed by ICEM
CFD 15.0. The grid generation result after grid quality verification is
shown in Fig. 2. In the simulation, the inlet face boundary adopted
the velocity inlet; the wall boundary of the jet pore and the upper
surface boundary of the flow field were set as a wall; the remaining
five faces of the flow field were set as the pressure outlet and the outlet pressure was set to zero. A series of empirical values were selected

1. Effect of the jet aperture
Based on one basic unit, numerical simulation is first conducted
to assess the effect of the jet aperture on the effective jet coverage
ratio. In the simulation analysis, the jet hole spacing was fixed at
3 mm and the jet velocity was 0.5 m/s. The velocity contours of the
antifouling unit were calculated by changing the jet aperture from
0.1 mm to 0.7 mm. Figure 3 portrays the velocity contours, where

FIG. 3. Velocity contours of an antifouling unit with different jet aperture values. (a) Aperture is 0.1 mm; (b) aperture is 0.3 mm; (c) aperture is 0.5 mm; and (d) aperture
is 0.7 mm.
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TABLE II. The effective jet coverage ratio at different jet aperture values.

Aperture (mm)
Effective jet coverage ratio (%)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

10.01

76.15

91.36

96.29

97.51

98.03

98.21

the color bar indicates the intensity of the effect of the jet flow on the
effective jet coverage ratio. The red area represents the minimum
effect area. The red area gradually expands from the vicinity of the
jet nozzle with an increase in the jet aperture.
Table II shows the effective jet coverage ratio of the antifouling
unit with respect to different jet aperture values. As can be seen in
the table, the effective jet coverage ratio increases with an increase in
the jet aperture at fixed jet hole spacing and jet velocity values. The
effective jet coverage ratio is greater than 95% when the jet aperture is greater than 0.4 mm. Furthermore, the change in the mechanism of the effective jet coverage ratio is discussed using different
aperture-spacing and different aperture-velocity values, as shown in
Fig. 4.
In Fig. 4(a), the effective jet coverage ratio is calculated using
different aperture-spacing values at 0.5 m/s of the jet velocity. When
the jet aperture increases, the effective jet coverage ratio increases
quickly before the aperture reaches 0.3 mm. Then, the effective
jet coverage ratio gradually enters a stable state no matter how
the jet aperture increases. In addition, when the jet aperture is
larger than 0.3 mm, the effective jet coverage ratio is generally better at 3.0 mm of the jet hole spacing than those at other spacing
values.
In Fig. 4(b), the effective jet coverage ratio is calculated using
different aperture-velocity values at 3.0 mm of the jet hole spacing.
The effective jet coverage ratio basically increases with the jet aperture; however, the jet velocity has a significant impact on the effective
jet coverage ratio. Increasing the jet velocity improves the effective
jet coverage ratio.
2. Effect of jet hole spacing
Then, numerical simulation is implemented to analyze the
effect of the jet hole spacing on the effective jet coverage ratio. In

the simulation analysis, the jet aperture was fixed at 0.6 mm and the
jet velocity was 0.5 m/s. The velocity contours of the antifouling unit
were calculated from 0.75 mm to 6.0 mm of the jet hole spacing.
Figure 5 shows the velocity contours. As can be seen, the red area is
mainly concentrated near the jet nozzles when the jet hole spacing
is small, and gradually disappears in the middle of the nozzles when
the jet hole spacing exceeds 3.75 mm.
Table III shows the effective jet coverage ratio at different jet
hole spacings. As can be seen in the table, the effective jet coverage
ratio first increases and then decreases with an increase in the jet hole
spacing at constant jet aperture and jet velocity values. The effective
jet coverage ratio meets the requirements of the antifouling effect
when the hole spacing is less than 3.75 mm.
The change trends of the effective jet coverage ratio with different spacing-aperture and different spacing-velocity values are shown
in Fig. 6. In Fig. 6(a), the effective jet coverage ratio is calculated
using different spacing-aperture values at 0.5 m/s of the jet velocity.
The ratio basically increases first and then decreases with an increase
in the jet hole spacing.
In Fig. 6(b), the effective jet coverage ratio is calculated using
different spacing-velocity values at 0.6 mm of the jet aperture. There
is no specific change law for the effective jet coverage ratio in the
figure; however, when the jet velocity is 1.0 m/s, the ratio is the best
at each spacing point.

3. Effect of the jet velocity
Finally, the effect of the jet velocity on the effective jet coverage ratio is discussed. In the simulation analysis, the jet aperture was
fixed at 0.6 mm and the jet hole spacing was 4.5 mm. The velocity
contours were calculated from 0.1 m/s to 1.0 m/s of the jet velocity.
Figure 7 shows the calculation results, where the red area expands

FIG. 4. Change trends of the effective jet coverage ratio. (a) Aperture-spacing curves and (b) aperture-velocity curves.
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FIG. 5. Velocity contours of an antifouling unit with different jet hole spacings. (a) Hole spacing = 0.75 mm; (b) hole spacing = 2.25 mm; (c) hole spacing = 3.75 mm; and (d)
hole spacing = 5.25 mm.

TABLE III. The effective jet coverage ratio at different jet hole spacing values.

Aperture (mm)

0.75

1.5

2.25

3

3.75

4.5

5.25

6

Effective jet coverage ratio (%)

94.54

97.11

97.56

98.03

98.05

94.51

88.12

84.86

FIG. 6. Change trends of the effective jet coverage ratio. (a) Spacing-aperture curves and (b) spacing-velocity curves.
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FIG. 7. Velocity contours of different jet velocity. (a) Jet velocity = 0.1 m/s; (b) jet velocity = 0.2 m/s; (c) jet velocity = 0.3 m/s; (d) jet velocity = 0.4 m/s; (e) jet velocity = 0.5
m/s; (f) jet velocity = 0.6 m/s; (g) jet velocity = 0.7 m/s; (h) jet velocity = 0.8 m/s; and (i) jet velocity = 0.9 m/s.

from the vicinity of the jet nozzles to the whole section of the unit
when the jet velocity increases.
Table IV gives the effective jet coverage ratio at different jet
velocity values. As can be seen in the table, the ratio increases with an
increase in the jet velocity. The effective jet coverage ratio is greater
than 95% when the jet velocity is greater than 0.6 m/s.

TABLE IV. The effective jet coverage ratio at different jet velocities.

Velocity (m/s)

0.1

0.2

0.3

0.4

0.5

The effective jet coverage ratio (%) 32.61 81.75 87.59 92.62 94.51
Velocity (m/s)
0.6 0.7 0.8 0.9 1.0
The effective jet coverage ratio (%) 96.46 97.61 97.85 98.56 98.44
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The change trends of the effective jet coverage ratio with different velocity-aperture and different velocity-spacing values are
shown in Fig. 8. In Fig. 8(a), the effective jet coverage ratio is calculated using different velocity-aperture values at 4.5 mm of the jet
hole spacing. The ratio increases with an increase in the jet velocity
and the jet aperture.
In Fig. 8(b), the effective jet coverage ratio is calculated using
different velocity-spacing values at 0.6 mm of the jet aperture. The
ratio increases with an increase in the jet velocity, but no specific
change law is observed for the jet spacing.
Based on these observations one can note that the effective jet
coverage ratio increases with the jet aperture and jet velocity, while
the change law is not clear for the jet hole spacing. According to
Eq. (5), the effective jet width increases with an increase in the jet
velocity/jet aperture. As a result, the simulation results are consistent
with the semi-empirical formula.

32, 097101-8

Physics of Fluids

ARTICLE

scitation.org/journal/phf

FIG. 8. Change trends of effective jet coverage ratio. (a) Velocity-aperture curves and (b) velocity-spacing curves.

IV. JET VISUALIZATION EXPERIMENT

B. Experimental results

A. Experimental principle and device design

The jet distribution at different jet velocities was observed in
the jet experiment with 0.4 mm of the jet aperture and 4.5 mm of
the jet hole spacing. Four jet holes were arranged symmetrically in
the jet plate similar to that in the simulation. The jet distribution
was observed at the jet velocities of 0.3 m/s, 0.6 m/s, and 0.9 m/s,
respectively. The according heights of the water box were, respectively, 5 mm, 18 mm, and 40 mm. Ink was continuously supplied
to the water box to ensure the stable jet velocity. After the jet in the
observation area was stabilized, photographs were recorded.
Double-hole jets and multi-hole jets are widely utilized in practical engineering applications. The flow distribution can be divided
into a convergence zone and a unite zone in the flow field. There
is a boundary point between the convergence zone and the unite
zone, which is called the free stagnation point at the end of the convergence zone, as shown in Fig. 10. In the present work, the free
stagnation point is used to verify the grid independence and assess
the impact of the jet velocity on the jet distribution.33
Grid independence was verified in this paper, as shown in
Fig. 11, where the distance between the free stagnation point and
the jet hole was calculated with different grid resolutions. When the
number of mesh increases to ∼7 × 106 , the distance started to remain
stable. In order to select the appropriate grid resolution, the experimental data were compared with the numerical result with three
different grid resolutions (i.e., 1.6 × 106 , 7 × 106 , and 30 × 106 grids)
at 0.9 m/s of the jet velocity in terms of the position of the free
stagnation point and the jet shape.

In order to compare the simulation results, jet visualization
experiments have been conducted. The jet visualization experiment
device consists of four parts:30–32 one flow control unit, one jet
observation unit, one support unit, and one jet plate fixing unit.
The details of the experiment device are shown in Fig. 9. The
flow control unit is composed of a height ruler and a water box.
The corresponding height of a specific jet velocity can be calculated. The height of the water box can be adjusted according to
the jet velocity. The observation unit consists of a depth scale and
an observation water tank. In this unit, the jet phenomenon can
be observed and the data such as the jet distance can be recorded.
The support unit is made of aluminum alloy profiles in order to
keep the device stable. The jet plate fixing unit is composed of a
barn-type fixing bucket and a jet plate, and the two components are
bonded and sealed by hot melt adhesive. A laser cutting machine
has been used to manufacture a certain size jet holes in the jet
plate.

FIG. 9. Jet visualization experimental device. (a) An overview; (b) the flow control
unit; and (c) the jet observation unit.
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FIG. 10. Schematic diagram of free stagnation points.
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model is feasible and effective to analyze the change law of the jet
distribution with different model parameters.
V. OPTIMIZATION OF MODEL PARAMETERS

FIG. 11. Grid independence verification.

As can be seen in Figs. 12(b)–12(d), the tails of the jet decrease
with an increase in the grid resolution. By doing so, the free stagnation points of the three grid resolutions are 42 mm, 20 mm, and
19 mm, respectively. In Fig. 12(a), the free stagnation point of the
experiment under the same condition of the simulation is 18 mm.
As a result, the calculation results using 7 × 106 and 30 × 106 grids
are close to the experimental measurement. If there is a continuous
increase in the grid resolution, the free stagnation point is basically
stable around 20 mm. Hence, for a better trade-off between the computation cost and the accuracy, the grid resolution adopted 7 × 106
grids in the following analysis.
The experimental and simulation results are compared at the
jet velocities of 0.3 m/s and 0.6 m/s, as shown in Fig. 13. As shown
in Fig. 13(a), the free stagnation point is 97 mm in the experiment,
while the simulation result is 102 mm at 0.3 m/s of the jet velocity. In Fig. 13(b) the free stagnation points in the experiment and
simulation are, respectively, 35 mm and 40 mm at 0.6 m/s of the jet
velocity, while in Figs. 12(a) and 12(c), they are 17 mm and 20 mm
at 0.9 m/s of the jet velocity. As can be seen, the distance between
the free stagnation point and the nozzle is extremely close between
the experimental and the simulation results. The jet distribution in
the flow field obtained by the numerical simulations is consistent
with that in the experimental tests. Thus, the developed numerical

Based on the theoretical and numerical analysis, one can note
that effective jet coverage rate of the proposed antifouling model
is influenced by the jet velocity, jet aperture, and jet hole spacing.
The coverage rate has a positive relationship with the jet velocity and jet aperture; however, the effect of the jet hole spacing on
the coverage rate is not clear. As a result, it must optimize these
three parameters to produce the best performance of the antifouling
model.
In order to address the optimization problem of the model
parameters, this section proposes a GNN-based method that is
able to optimize the antifouling model performance for any given
two jet parameters. In the optimization process, the GNN is first
trained by the simulation data acquired under various operating
conditions of the antifouling model. Then, given arbitrary two
jet parameters, the GNN predicts the optimal third jet parameter to generate the best effective jet coverage rate under this given
condition. As a result, the proposed method can obtain the optimal jet parameters for any operating condition of the antifouling
model.
Figure 14 gives the training process of the proposed GNN
method. A five-layer artificial neural network is used, i.e., a 3 × 6
× 4 × 6 × 1 basic structure. The inputs of the network are the three
jet parameters, while the output is the effective jet coverage rate. In
order to learn the nonlinear relationship between the input and the
output data, the genetic algorithm (GA)34–36 is adopted to train and
find the global optimal weight and bias coefficients between any two
network layers. After training, a map between the jet parameters and
the coverage rate is established.
In the present study, the numerical model was simulated based
on the combination of the three jet parameters in Table I to generate 630 pairs of input–output datasets. Five hundred pairs were
randomly selected from the 630 datasets to train the GNN. Thirty
pairs were utilized as a verification group to inspect whether the

FIG. 12. Comparison results. (a) Experimental results; (b) 1.6 × 106 grids; (c) 7
× 106 grids; and (d) 30 × 106 grids.
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FIG. 13. Comparison between the experimental and the numerical simulation
results. (a) Velocity = 0.3 m/s and (b)
velocity = 0.6 m/s.

GNN model was overfitted, and the remaining 100 pairs were used as
a test group to evaluate the generalization ability of the well-trained
GNN model.
In the training process, the GA iteration number was 10,
the population size was 20, and the crossover probability and the
mutation probability were, respectively, 30% and 10%.
The neuron threshold and activation function were introduced
to transform the input signal from negative infinity to positive infinity into an output between 0 and 1 in order to avoid the influence of
the magnitude difference between the input data on the prediction
accuracy of the model,
n

yi = f (∑i=1 wi xi − θi ),

(11)

where f is the activation function, wi is the weight, xi is the input, θi
is the neuron threshold, and yi is the output after transformation.
Mean square error and determination coefficient were introduced to describe the accuracy of the model training as follows:

MSE = E(ŷi − yi )2 (i = 1, 2, 3 . . . , l),

(12)

2

R2 =

(l ∑li=1 ŷi yi − ∑li=1 ŷi ∑li=1 ŷi )
2

2

2

2

[l∑li=1 ŷi − (∑li=1 ŷi ) ][l∑li=1 ŷi − (∑li=1 ŷi ) ]

,

(13)

where ŷi is the effective coverage of the jet obtained by numerical
simulation, yi is the predicted effective coverage of the jet, and l is
the number of sample groups.
The analysis results of the GNN model on the training datasets,
verification datasets, and test datasets are shown in Fig. 15. As can
be seen, the determination coefficients of these datasets are 98.519%,
98.604%, and 98.454%, respectively, and the overall accuracy of the
GNN model reaches 98.511%. As a result, the trained GNN model
has established an accurate map to connect the jet parameters and
the effective jet coverage rate.
In order to further analyze the GNN model, the test datasets
were repeatedly predicted for 50 times and the median value of the

FIG. 14. Flow chart of the prediction of
efflux effective coverage by the genetic
neural network.
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FIG. 17. Optimization of the antifouling model.

FIG. 15. Accuracy of the training set, verification set, and test set of the GNN
model. (a) Training set; (b) validation set; (c) test set; and (d) overall.

prediction results was used to eliminate the stochastic error of the
GNN model. Figure 16 manifests the prediction results. As can be
seen, when input the three jet parameters into the well-trained GNN
model, the effective coverage rate can be predicted at an accuracy of
98.373%. Hence, it is possible to use the GNN model to optimize the
model parameters based on the predicted coverage rate.
In real-world applications, we can design the two jet parameters
at first according to the installation space, operating requirements,
and other specifications. Then, search the third jet parameter using
the GNN model. Figure 17 depicts three examples to illustrate the

parameter optimization. In the first one, as far as we know, the jet
aperture is 0.6 mm and the jet hole spacing is 4.5 mm, a curve of the
effective jet coverage rate of the antifouling model can be drawn by
the GNN under this operating condition. The best coverage rate can
be observed and the corresponding jet velocity is 1.0 m/s. Thus, the
optimal model parameters can be determined in this example. The
same for the other two examples.
In case that only one jet parameter is known, the proposed
GNN optimization is also applicable. One can first choose another
suitable jet parameter according to the specific working environment, and then use the GNN to search the third one. As a result,
the proposed method is effective and powerful for the optimization
of the antifouling model.
VI. CONCLUSIONS
In this study, an innovative water jet biomimetic antifouling
method based on the mechanism of mucus secreted by kelp epidermis and the outward water jet from shark gills is proposed. A
stable and dynamic antifouling layer on the marine structure surface can be formed by means of outward jets. Marine biofouling
attachment can be effectively prevented at the very beginning of
fouling formation by this method, which does not produce any toxic
substances to pollute the marine environment. Subsequently, the
novel water jet-based biomimetic antifouling method can compensate for the drawbacks of chemical and physical antifouling methods
in terms of environmental pollution and antifouling efficiency. The
main conclusions are summarized as follows:
(1)

(2)
FIG. 16. Comparison of the predicted value with the simulated value.
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A semi-empirical formula of the jet effective width is deduced
based on the Schlichting solution. The formula reveals the
impact of the jet aperture and the jet velocity on the jet effective width. The jet effective width increases with the increment in the jet aperture and the jet velocity. So, this formula
is beneficial in understanding the physical mechanisms of the
water jet in the flow field.
Evaluation indicators and methods of jet antifouling effect is
proposed. The impact of jet parameters (e.g., the jet aperture,
jet velocity, and jet hole spacing) on the jet effective coverage rate is figured out by numerical simulation analysis; and
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(3)

jet visualization experiments further verify the correctness of
simulation analysis.
An accurate map is obtained by the GNN to connect the
jet parameters and the effective jet coverage ratio. The optimal parameters of the antifouling model can be determined
at the highest effective jet coverage ratio point by this map,
which avoids the waste of time and money by blindly selecting
antifouling models.

The influence of the jet parameters on the antifouling performance is further explored using the experimental tests in the future,
and the actual antifouling performance of the optimal antifouling
model is also studied to facilitate its industrial generalization. In
addition, there are several issues that need to be addressed before
this proposed method is applied to real world applications; these
issues include the selection and processing of the antifouling model
material and the jet water resource. In our next study, we use flexible
composite materials thanks to their low density, excellent mechanical properties, and corrosion resistance ability;37,38 for example, we
select ethylene tetrafluoroethylene (ETFE) as the antifouling model
material. The laser technique39,40 is employed to produce a porous
jet layer. Seawater is used as the jet water resource, and the jet power
can be provided by the navigation negative pressure or pumps to
form a stable and dynamic antifouling layer on the marine structure
surface.41
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